BACKGROUND-Thiazides and β-blockers cause adverse metabolic effects (AMEs), but whether these effects share predictors with blood pressure (BP) response is unknown. We aimed to determine whether AMEs are correlated with BP response in uncomplicated hypertensives.
gender, and baseline body mass index (BMI), only the correlation between UA and DBP response became nonsignificant. Reductions in HDL correlated with systolic response following atenolol monotherapy (r = 0.18; P = 0.002) and with systolic and diastolic response following add-on therapy (r = 0.30 and r = 0.24, respectively; both P < 0.0001). These correlations remained significant after covariate adjustment. BP responses were not correlated with changes in glucose, LDL, triglycerides, or weight following either therapy.
CONCLUSIONS-BP response correlated with changes in UA following HCTZ therapy and HDL following atenolol therapy. No other significant correlations were observed between BP response and AMEs, suggesting that these effects generally do not share predictors. Patients should be monitored for AMEs, regardless of BP response.
Keywords thiazide diuretics; atenolol; β-blockers; blood pressure; hydrochlorothiazide; hypertension; metabolic effects Hypertension is estimated to affect 1 billion of the world's adult population and generally requires life-long treatment with one or more classes of antihypertensive therapy. 1 Two antihypertensive classes, thiazide diuretics and β-blockers, are recommended as first-line therapies by current United States guidelines and are frequently used as initial therapy in newly diagnosed patients or as part of combination antihypertensive therapy. 2 However, derangements in multiple metabolic parameters are common and well-known adverse effects of these antihypertensive classes. Both thiazide diuretics and β-blockers have been associated with increased glucose levels and an increased risk of diabetes. [3] [4] [5] [6] Additionally, adverse lipid effects, including increased low-density lipoprotein (LDL) and triglycerides, and decreased high-density lipoprotein (HDL) have been observed following thiazide diuretic and β-blockers therapy. 7 Such effects may mitigate some of the cardiovascular benefits afforded by the blood pressure (BP)-lowering effects of these drugs. Finally, elevated serum uric acid (UA) during treatment with thiazide diuretics may increase the risk of developing gout.
Little is known of the mechanisms behind these common adverse effects, despite being extensively studied. 8 Furthermore, relatively few variables are shown to consistently predict the occurrence or magnitude of these drug-induced adverse metabolic effects (AMEs). 2, 3 However, an important clinical question is whether those individuals with the greatest BP response to these agents are also the most likely to develop drug-induced AMEs during therapy. If these effects are correlated, AMEs may share predictors of BP response.
We aimed to determine whether BP response was associated with adverse effects on serum glucose, UA, LDL, HDL, triglycerides, and weight in a population of patients treated with hydrochlorothiazide (HCTZ) or atenolol.
METHODS

Design
The Pharmacogenomic Evaluation of Antihypertensive Response (PEAR) study (NIH U0I GM074492; ClinicalTrials.gov #NCT00246519) is a prospective, multicenter, randomized, open-label, parallel-group study with a primary focus of identifying genetic determinants of BP and adverse metabolic responses to a thiazide diuretic and β-blockers. Details of the PEAR trial design and purpose have been published previously. 9 Participants included in this analysis were enrolled in PEAR from November 2005 through November 2009. PEAR is a multisite project that enrolled participants from the University of Florida (Gainesville, FL), Emory University (Atlanta, GA) and the Mayo Clinic (Rochester, MN). The study was conducted in accordance with the provisions of the Declaration of Helsinki. All participants provided voluntary, written informed consent and the institutional review boards of the participating study centers approved the study protocol.
Study population
Males or females with mild-to-moderate essential hypertension, of any race or ethnicity, between the ages of 17 and 65 were eligible for participation. Study participants were those with newly diagnosed hypertension, untreated hypertension or known hypertension previously treated with fewer than three antihypertensive drugs. Patients were excluded from participation if they had any secondary form of hypertension, a clinic systolic BP (SBP) >170 mm Hg during treatment with an antihypertensive, isolated systolic hypertension, other diseases requiring treatment with BP-lowering medications, a heart rate <55 beats/min, known cardiovascular disease, diabetes mellitus (type 1 or 2), renal insufficiency (defined as serum creatinine >1.5 mg/dl in males and 1.4 mg/dl in females), pregnancy or lactation, a history of Raynaud's syndrome, chronic treatment with drugs known to elevate BP (nonsteroidal anti-inflammatory drugs, oral contraceptives), active alcoholism, or elevated liver enzymes.
Randomization and interventions
Participants with no exclusion criteria were further screened for inclusion based on untreated (for 3-6 weeks) home BP (average over 1 week seated diastolic BP (DBP) >85 mm Hg and ≤110 mm Hg and seated SBP <180 mm Hg) and clinic BP (seated DBP >90 mm Hg and ≤110 mm Hg and seated SBP <180 mm Hg). No lower cutoff was defined for home or office seated SBP. After this screening and before initiation of study medications, baseline studies included collection of home BP data, along with fasting blood, serum and urine samples. Following baseline studies, participants were randomly assigned to receive HCTZ 12.5 mg daily, titrated to 25 mg daily after 3 weeks if BP remained elevated (defined as SBP >120 or DBP >70 mm Hg) or atenolol 50 mg, titrated to 100 mg daily after 3 weeks if BP remained elevated. After 9 weeks, participants entered an add-on phase in which they received the alternate agent (i.e., those initially assigned HCTZ then received HCTZatenolol combination therapy and vice-versa) if their BP remained elevated. Following both the monotherapy (~9 weeks from initiation of the first study medication) and add-on phase (~18 weeks from initiation of first study medication), subjects were reassessed for home BP response and fasting blood sample collection was repeated.
Follow-up
Home BP was assessed daily using a Microlife model 3AC1-PC monitor (Microlife, Minneapolis, MN), measured in triplicate, then averaged, morning and evening over a 1week period immediately preceding the 9-week visit. BP data were stored electronically and downloaded at prescribed clinic visits. At least five morning and five evening determinations were required during the 1-week period for inclusion in the analysis.
Fasting serum levels of glucose, lipids (LDL, HDL, and triglycerides) and UA were determined using an Hitachi 911 Chemistry Analyzer (Roche Diagnostics, Indianapolis, IN). All laboratory parameters were determined at a central laboratory at the Mayo Clinic.
Statistical analysis
Descriptive statistics were used to represent demographic information. Mean ± s.d. of BP measurements were determined at the end of the monotherapy and add-on phases and the average change in BP was calculated within each treatment group. For all analyses, changes were coded as post-treatment minus baseline, such that a reduction in BP was coded as a negative value and an increase in laboratory parameters was coded as a positive value. We compared changes from baseline to on-treatment for BP, weight and laboratory parameters within each treatment arm using paired t-tests. For nonparametric data, we used the Wilcoxon signed-rank test.
We performed two identical primary analyses, one in each treatment group, focused on the correlation of treatment-related SBP and DBP reductions with adverse metabolic responses, using Pearson's correlation coefficients. For all analyses, we estimated the partial correlations among these parameters with covariate adjustments for age, race, gender, and body mass index (BMI). As secondary analyses, we determined correlation coefficients stratified by race (blacks and whites only), gender and the presence/absence of abdominal obesity (defined as waist circumference >35 in females or > 40 in males). Fisher's z transformation was used to test for differences in correlation coefficients between subgroups. Covariate adjustment for baseline serum potassium levels or the change in serum potassium levels was not performed in the final analyses because a previous analysis revealed no relationship between potassium and the aforementioned metabolic variables, including glucose. 10 Finally, we performed replication analyses using data from the add-on phase to determine whether any significant correlations in the monotherapy analyses were also found when these drugs were used as add-on therapy. For example, for the replication analyses in HCTZ-treated patients, we determined correlation coefficients between the changes in SBP/ DBP and metabolic parameters from the end of atenolol monotherapy to the end of the HCTZ add-on phase. Similar analyses were repeated for patients receiving atenolol as addon therapy.
We defined statistical significance a priori as a P value <0.0042 to account for multiple comparisons. Based on the total sample size available for analysis and assuming a two-sided test using Fisher's z transformation and an α-level of 0.05, we had ≥95% power to detect significant correlation coefficients of at least 0.10. All statistical analyses were performed with SAS 9.2 or 9.3 (SAS Institute, Cary, NC) or R 2.12.0 (R Development Core Team, http://www.r-project.org) statistical software.
RESULTS
Complete data were available for 286 subjects in the atenolol treatment group and 283 subjects in the HCTZ treatment group. Baseline demographics for both treatment groups are presented in Table 1 . Overall, the mean age of study subjects was 49.1 years with a mean BMI of 30.7 kg/m 2 . Approximately 54% of study subjects were female and the majority of subjects self-identified as white (57.8%) or black (37.9%). Of those treated with atenolol, 251 (87.8%) were titrated to the maximum dose of 100 mg once daily, and 280 (98.9%) of those treated with HCTZ were titrated to the maximum dose of 25 mg once daily.
Following 9 weeks of HCTZ monotherapy, SBP and DBP decreased by a mean of 9 and 5 mm Hg, respectively, whereas all other reported values, except HDL and weight, increased significantly ( Table 2 ). After 9 weeks of atenolol monotherapy, SBP and DBP each decreased by a mean of 8 mm Hg. Likewise, HDL decreased significantly following 9 weeks of monotherapy, whereas serum glucose, UA, triglycerides, and weight increased significantly. LDL levels in atenolol-treated subjects were reduced slightly, but this change was not statistically significant.
Response correlations in the HCTZ treatment arms
In the unadjusted analysis of subjects treated with HCTZ as monotherapy, greater elevations in serum UA levels were significantly correlated with greater reductions in SBP (r = −0.18; P = 0.003) and DBP (r = −0.20; P = 0.001) ( Figure 1 ). These correlations remained significant after adjusting for age, race, gender, and baseline BMI (Table 3) . No other adverse metabolic responses were correlated with either BP response following HCTZ monotherapy. In stratified analyses of the correlations between UA and SBP or DBP, correlation coefficients did not differ significantly between race, gender, or the presence/ absence of abdominal obesity at baseline (data not shown).
Similar results were obtained in the unadjusted analysis using data from participants receiving HCTZ as add-on therapy. However, elevations in serum UA levels were more strongly correlated with reductions in SBP (r = −0.27; P < 0.0001) and DBP (r = −0.21; P = 0.0007) with HCTZ add-on therapy compared with HCTZ monotherapy. After controlling for age, race, gender, and baseline BMI, only the relationship between UA and SBP remained significant (Table 3 ).
Response correlations in the atenolol treatment arms
In the unadjusted analysis of subjects receiving atenolol monotherapy, a greater reduction in HDL was significantly correlated with a greater SBP response (r = 0.18; P = 0.002), but not DBP response (r = 0.13; P = 0.03) ( Figure 2 ). After controlling for age, race, gender, and BMI, a greater SBP response (r = 0.22; P = 0.0002) and a greater DBP response (r = 0.18; P = 0.002) were significantly correlated with greater reductions in HDL (Table 3 ). In stratified analyses, these correlations did not differ significantly between races, genders, or the presence/absence of abdominal obesity at baseline (data not shown). Stronger correlations (r = 0.29; P < 0.0001 for SBP response, and r = 0.22; P = 0.0003 for DBP response) were observed between each of these parameters and HDL during treatment with atenolol as addon therapy ( Table 3 ). We also observed significant correlations between reductions in HDL and SBP response (r = 0.18; P = 0.003) and DBP response (r = 0.20; P = 0.001) during atenolol + HCTZ add-on therapy. A sensitivity analysis excluding subjects who started a statin during the trial (n = 3 per treatment group) did not appreciably alter any of the aforementioned results (data not shown). Otherwise, no significant correlations were found between BP response and changes in reported parameters following atenolol treatment as monotherapy or add-on therapy.
DISCUSSION
Following 9 weeks of monotherapy with HCTZ, SBP and DBP were reduced significantly, whereas serum glucose, UA, LDL, and triglycerides levels increased. In the HCTZ monotherapy and add-on groups, reductions in SBP and DBP were correlated with changes in serum UA. These significant correlation coefficients did not differ significantly among subgroups in analyses stratified by race, gender, and the presence/absence of abdominal obesity. A significant correlation between changes in serum UA and BP response in HCTZtreated patients may be attributable to thiazide-induced volume depletion which contributes significantly to initial BP response and increases serum UA by increasing net reabsorption of urate at the renal tubule, either through enhanced reabsorption or reduced secretion. 11 This effect on urate is mitigated in diuretic-treated patients receiving volume replacement. 12 Consequently, the shared predictor between BP response and changes in serum UA may be the degree of volume depletion incurred following HCTZ treatment. In support of this hypothesis, a follow-up analysis found that treatment-induced changes in plasma renin activity were correlated with changes in serum UA during HCTZ monotherapy (r = 0.26; P < 0.0001), HCTZ add-on therapy (r = 0.31; P < 0.0001), and during atenolol add-on therapy (e.g., HCTZ + atenolol therapy; r = 0.22; P = 0.0002), but not during atenolol monotherapy (r = 0.09; P = 0.12). These data support the hypothesis that volume depletion may be a shared predictor during HCTZ therapy because as plasma renin activity increases (and, ostensibly, volume decreases), serum UA also increases.
Atenolol was associated with significant reductions in SBP, DBP, and HDL and a significant increase in serum glucose, UA, and triglyceride levels. Following atenolol therapy, whether as monotherapy or in combination with HCTZ, reductions in HDL were correlated with reductions in SBP and DBP, with the strongest correlations observed following add-on atenolol therapy to HCTZ. A reduction in HDL levels following β-blockers therapy has been consistently demonstrated, particularly with atenolol. [13] [14] [15] [16] However, the mechanism behind this AME has not been fully elucidated. Given that the correlations were replicated in both the atenolol monotherapy and add-on therapy groups as well as the HCTZ add-on group (e.g., HCTZ added on to atenolol therapy), this consistent finding suggests that BP response and adverse effects on HDL in atenolol-treated patients may share common predictors. As with the significant correlations observed between UA and BP response during HCTZ treatment, the correlation coefficients in these analyses were relatively low, suggesting that only a small portion of the variation in changes in HDL levels is related to BP response following atenolol treatment.
We found no evidence of a relationship between BP response and changes in glucose, LDL, triglycerides, or weight during treatment with either drug. These findings suggest that treatment-related BP response does not share similar predictors with these AMEs during HCTZ or atenolol therapy. These findings are important since we found no evidence that persons most likely to have a greater BP response to thiazide or β-blocker therapy will likewise experience the greatest adverse effects on these metabolic parameters. From a clinical standpoint, measurement of BP response during therapy is unlikely to provide additional insight into potential effects on glucose, LDL, triglycerides, and weight. Consequently, monitoring for these AMEs during therapy is essential, regardless of BP response to these drugs. The present findings also highlight the need for future research to identify determinants of these antihypertensive-associated AMEs that, according to our results, should differ substantially from determinants of BP response to these agents. These determinants, whether clinical or genetic, will allow clinicians to identify persons most likely to benefit from the BP-lowering effects of these drugs while minimizing most AMEs.
Three limitations of this analysis are noteworthy. First, the maximum allowed dose of HCTZ was 25 mg/day. Higher doses may cause greater AMEs and greater BP response. However, this dose reflects current prescribing patterns and current guideline recommendations. Whether higher doses alter the relationship (or lack of relationship) between treatmentinduced BP response and AMEs is unknown. Second, we did not objectively measure volume depletion during diuretic therapy and thus were unable to fully answer whether volume depletion may be link between treatment-induced changes in UA and BP response. Finally, this analysis included a low number of participants that were not white or black which precluded conducting correlation analyses in other racial subgroups.
In conclusion, we found that BP response and increases in serum UA were correlated during HCTZ therapy, while BP response and reductions in HDL were correlated during atenolol therapy. While the effects of these drugs on UA and HDL has long been recognized, our study is the first to our knowledge to describe a relationship between BP response and these metabolic parameters. Additionally, we found no significant evidence that other AMEs were correlated with BP response during therapy with either HCTZ or atenolol. Excepting UA and HDL, BP response and AMEs are unlikely to share significant predictors and thus clinicians should remain vigilant in assessing potential antihypertensive-induced AMEs regardless of a patient's BP response to these medications. Future research, including the forthcoming results from the PEAR study, should help to identify genetic predictors of antihypertensive-induced AMEs. Combined with clinical and laboratory predictors, these findings will be useful in maximizing the benefit-to-risk ratio for patients with indications for thiazide or β-blocker therapy. Relationship between change in serum uric acid level and change in systolic and diastolic blood pressure (BP) following hydrochlorothiazide (HCTZ) monotherapy (top panels) and HCTZ add-on therapy (bottom panels). r values and corresponding P values represent unadjusted Pearson correlation coefficients; adjusted correlation coefficients and P values are denoted in Table 3 . Δ represents change in each parameter, calculated as on-treatment value minus baseline value. Relationship between change in serum high-density lipoprotein (HDL) and systolic and diastolic blood pressure (BP) following atenolol monotherapy (top panels) and atenolol addon therapy (bottom panels). r values represent unadjusted Pearson correlation coefficients; adjusted correlation coefficients and P values are denoted in Table 3 . Δ represents change in each parameter, calculated as on-treatment value minus baseline value. Table 2 Mean changes in study parameters after treatment with HCTZ and atenolol as monotherapy or add-on therapy Parameter HCTZ Atenolol
As monotherapy
As add-on therapy Correlation analyses during 9 weeks of monotherapy and 9 weeks of add-on therapy with HCTZ and atenolol Data are depicted as Pearson correlation coefficients, r, with P values in parentheses, for the analyses between change in BP parameters and adverse metabolic effects. All correlation coefficients are adjusted for race, baseline body mass index, gender, and age.
As add-on therapy
BP, blood pressure; HCTZ, hydrochlorothiazide; HDL, high-density lipoprotein; LDL, low-density lipoprotein. a Statistically significant (P < 0.0042 to adjust for multiple comparisons) correlation coefficients.
